The Myc oncogenes are dysregulated in 70% of human cancers. They encode transcription factors that bind to E-box sequences in DNA, driving the expression of a vast amount of target genes. The biological outcome is enhanced proliferation (which is counteracted by apoptosis), angiogenesis and cancer. Based on the biological effects of Myc overexpression it was originally assumed that the important Myc target genes are those encoding components of the cell cycle machinery. Recent work has challenged this notion and indicates that Myc target genes encoding metabolic enzymes deserve attention, as they may be critical arbiters of Myc in cancer. Thus targeting metabolic enzymes encoded by Myc-target genes may provide a new means to treat cancer that have arisen in response to deregulated Myc oncogenes.
Introduction
Myc (c-Myc, N-Myc, L-Myc) oncogenes are regulated directly or indirectly at many levels of control by several of the major signalling pathways including receptor tyrosine kinases, wnt signalling, NF-κB (nuclear factor κB) signalling and the hedgehog pathway. Since many of these pathways are over-activated, and Myc proteins themselves can become deregulated by gene translocation, gene amplification and point mutations altering protein stability, it is safe to assume that a majority of human cancers have a deregulated Myc oncogene [1, 2] . Myc is essential for cell proliferation and is sufficient to drive cells into S-phase from a quiescent state. On the other hand, Myc also induces cell death by apoptosis, which is thought to reflect a cellular defence against illegitimate cell proliferation [3, 4] . This means that malignant transformation requires disruption of the apoptotic pathway, which can occur through loss of p53 or p19
Arf , activation of anti-apoptotic Bcl-2 family members or through reinforcement of oncogenic signalling by for instance Ras [1] . In cells that have evaded the apoptotic machinery, deregulated Myc will, among other things, give the tumours the ability to proliferate uncontrollably, induce angiogenesis, override cell cycle arrest, increase metabolism and down-regulate cell adhesion molecules. These are properties of great value to a malignant cell, explaining the high degree of selection for Myc activation in cancer.
The compelling connection between Myc and human cancer has prompted researchers to develop animal models that mimic Myc-induced cancer. One of the first mouse models of cancer was the Eµ-Myc transgenic mouse developed to model the human disease Burkitt's lymphoma [5] . These mice overexpress c-Myc in B-cells by virtue of the immunoglobulin heavy chain enhancer (Eµ), similar to the Myc:Ig translocation found in the human disease. The tumours arising in Eµ-Myc mice do not perfectly phenocopy human Burkitt's lymphoma but they are pre-B-and immature B-cell lymphomas which accumulate in lymph nodes 3-6 months after birth [5] . To better model human Burkitt's lymphoma, additional models which develop more mature B-cell lymphomas have been developed by conventional transgenesis (λ-Myc [6] ) and knock-in technology (iMyc Eµ [7] ). Still, however, an accurate mouse model of human Burkitt's lymphoma is lacking. For the work discussed in this mini-review, we have focused on using the Eµ-Myc mouse model so we can compare data directly with the very large body of work present in the literature.
Gene regulation through interactions in the Max network
Myc is a member of the Max network of heterodimeric transcription factors interacting through their bHLH-LZ (basic helix-loop-helix leucine-zipper) regions. Myc induces target genes in complex with Max by attracting histone acetylases and/or through displacement of Mad/Mnt-Max repressional complexes from the E-boxes (CACGTG) in the vicinity of the target gene promoters [1, 8, 9] . Myc can also cause transrepression of genes by interfering with Miz-1 gene activation at Inr elements ( Figure 1 ).
Myc target genes
E-boxes are present in thousands of genes, but not all are known to be direct transcriptional targets of Myc. Various studies have focused on finding true Myc targets and those genes is the small bHLH-LZ protein Max. 1. In the classic way of transactivation, Myc dimerizes with Max and binds DNA at E-box sequences [38] [39] [40] [41] . Thereafter, histone acetyltransferase activities are recruited via interaction with TRRAP [42] [43] [44] [45] . Studies on the Cad gene have also implicated a post-RNA polymerase II recruitment step that involves the stimulation of elongation mediated by the transcriptional activator P-TEFb [31, 46] . 2. Mnt/Mad proteins in complex with Max repress Myc target genes by recruiting SIN3, N-CoR (nuclear receptor co-repressor) and histone deacetylases [47] [48] [49] [50] . Mad/Mnt proteins are induced by differentiation in some cell types and serve to antagonize the growth-promoting effect of Myc [41] . 3. In this revised model, Myc serve as the antagonist of Mnt and activates genes by relief of transrepression. It is expected from this model that loss of Mnt should mimic the effect of Myc overexpression, i.e. enhanced cell proliferation, apoptosis and tumorigenesis, which seems to be the case in certain cellular contexts [9, [51] [52] [53] [54] [55] . 4. Myc-Max dimers can repress transcription by blocking the activity of the transcription factor Miz-1. By repressing the transcription of selected target genes involved in growth inhibition, such as the cyclin-dependent kinase inhibitors p15 Ink4b and p21 Cip1 , Myc can override a G 1 arrest [56] [57] [58] [59] .
convincingly supported by experimental evidence are listed at http://www.myccancergene.org [10] along with relevant references. An important question to ask when considering the various reported c-Myc target genes is whether all of these genes are really relevant under normal conditions or whether some of them are more or less relevant only when c-Myc is overexpressed? In addition, is the full Myc transcriptome essential for Myc-induced cancer or are some genes more important than others? The latter question opens up a large field of research which may lead to the identification of new targets for chemotherapy or chemoprevention. We have started to dig into this pile of target genes in a biased manner, fully aware that genomewide screens will be necessary to complete the job.
Despite the ability of Myc to promote cell cycle progression, the majority of Myc target genes do not encode proteins involved in cell cycle control, albeit focus has long been on such target genes [11, 12] . Recent data have instead warranted a closer look at other genes controlled by Myc, such as those involved in metabolism (Table 1) . Our current belief is that these targets are relevant for Myc-induced cancers and we will discuss metabolic pathways undergoing current investigation in our laboratory.
Myc-induced genes involved in metabolism and cancer

Polyamine biosynthesis
A comprehensive review of polyamine metabolism is present in other papers of this issue of Biochemical Society Transactions. Odc (ornithine decarboxylase), Amd1 (S-adenosylmethionine decarboxylase) and Srm (spermidine synthase) all have E-boxes in their regulatory regions and are elevated in Myc-expressing cells (Table 1 ), but only Odc has been studied in great detail with respect to its regulation by Myc [13, 14] . Odc was one of the first Myc target genes identified and as such it has received proper attention. Odc is not a strong transcriptional target of Myc, but it is reliable. In fact, very few Myc target genes are induced more than 2-3-fold, perhaps reflecting the limiting amount of TATAbinding protein present in a cell [15] . To circumvent this limitation some genes, e.g. Srm, carry several E-boxes within their regulatory regions which results in a higher degree of transcriptional activation [16] .
The idea of blocking polyamine synthesis with chemical inhibitors as a means to treat cancer has been around since the late 1960s/early 1970s, when it was found that cancer cells have elevated Odc activity and overproduce polyamines. Unfortunately, and surprisingly, very few successes with polyamine synthesis inhibitors on established tumours have been reported in clinical trials [17] . The ability of cancer cells to compensate for synthesis inhibition by increasing uptake of dietary polyamines has been put forward as an explanation and, indeed, polyamine-transport-deficient cancer cells are easily cleared by in vivo administration of the Odc inhibitor DFMO (α-difluoromethylornithine) [18] . Thus, when asked to analyse the role of Odc in Myc-induced lymphomagenesis by postdoctoral advisor Dr John L. Cleveland (St Jude Children's Research Hospital, Memphis, TN, U.S.A.), the second author of the present mini-review accepted the task with some initial scepticism. The experimental setup was to utilize the newly developed Odc heterozygous knockout mice and breed these to the aforementioned Eµ-Myc mouse model. In addition, the Eµ-Myc mice were to receive DFMO in their drinking water from weanling age on. Strikingly, both the genetic and pharmacological experiments showed that reducing polyamine levels by ∼50% is compatible with normal mouse development but not with lymphomagenesis [19] . Findings presented in the study suggest that tumour cells have an elevated requirement for energy metabolism, since deletion of one of the alleles of the Odc gene, or treatment of mice with DFMO reduced the levels of polyamines in tumour cells back to the levels found in normal cells. Treatment with DFMO before the onset of tumorigenesis increased the overall survival of the Eµ-Myc mice; however, treatment of *SHMT2 was also found to be induced by Myc in the same study. †Myc-binding has been shown using chromatin immunoprecipitation, but no expression analysis has been performed.
mice that already displayed symptoms of tumour development could neither stop disease progress nor delay it. This adds an additional explanation of why previous clinical studies have failed; polyamines are likely to be essential for the development of tumours, but perhaps not for the maintenance of established tumours. These data are in accordance with the accumulating data praising Odc as a target for chemoprevention [17, 20] , a topic discussed elsewhere in this issue of Biochemical Society Transactions. Although the mechanism of chemoprevention is yet to be completely resolved, data on the Eµ-Myc mouse indicate that reduction of polyamine levels reduces Myc-induced proliferation and blocks secondary mutations of predominantly the tumour suppressor Arf , two mechanisms that are likely to be interconnected [19] .
Glycolysis
Glycolysis is the process whereby glucose is oxidized to pyruvate yielding four ATP molecules of energy while consuming two. The fate of pyruvate is to either be converted into acetyl-CoA for the TCA (tricarboxylic acid) cycle or to be converted into lactate when oxygen supplies are low. It has been known since the 1920s from pioneering work by Nobel laureate Otto Warburg that tumour cells rely primarily on glycolysis even in an aerobic environment, an observation known as the Warburg effect [21, 22] . As virtually all glycolytic enzymes are induced by Myc (Table 1 and [23]), it is conceivable that part of the mechanism behind the Warburg effect is that oncogenes such as Myc induce glycolytic enzymes that drive glucose metabolism in cancer cells. Furthermore, the increased use of glycolysis in tumour cells may represent a survival benefit under hypoxic conditions, as well as selecting for cells that are especially well suited for growing in the acidic environment that increased lactate production creates, meaning that cells with high survival capacity and malignant behaviour are favoured. Desirable features of anticancer treatment is that it be targeted to a known pathway and that it be selective against cancer cells. Here glycolysis inhibition could be a good candidate pathway due to the Warburg effect and that substances inhibiting glycolytic enzymes are generally tolerated at rather high doses (reviewed in [24] ). Although targeting of glycolytic enzymes is likely to preferentially kill malignant cells, there is the risk of harming normal tissues that mainly rely on glycolysis, such as the brain, retina and testis. In the case of the brain, where neurotoxicity needs to be avoided, anti-glycolytic drugs that do not cross the blood-brain barrier should be developed [24] .
The enzyme involved in glycolysis that has received the most attention is LDH-A (lactate dehydrogenase A). The gene encoding this enzyme is a direct c-Myc target where Myc-Max complexes bind the two E-boxes in the LDH-A promoter to transactivate the gene [23, 25] . We have recently confirmed this by showing that the expression of the glycolytic gene Ldh1 (encoding LDH-A in mouse) is elevated in B-cells from Eµ-Myc transgenic mice, as were the other glycolytic genes Pkm2 (pyruvate kinase) and Hk2 (hexokinase) (Figure 2 ). Overexpression of LDH-A in Myc-trans- littermates were analysed using real-time RT-PCR. The expression levels of the indicated genes were compared with that of Ubiquitin (Ub) which is not regulated by Myc. For abbreviations of the genes, see Table 1 . wt, wild-type.
formed cells is essential since reducing the levels of LDH-A by antisense knockdown severely reduces clonogenicity in soft agar assays [25, 26] . Notably, Myc-expressing cells grown in a hypoxic environment were even more sensitive to LDH-A knockdown, suggesting that the altered metabolism caused by LDH-A overexpression gives neoplastic growth advantages in a hypoxic environment [25, 26] .
More recently, a role for LDH-A as an essential tumour maintenance gene was suggested, further supporting the concept of glycolysis inhibition as an attractive anti-tumour strategy [27] . Down-regulation of LDH-A activity severely affects mitochondrial bioenergetics and decreases the proliferative capacity of tumour cells in culture. In addition, cultured tumour cells with an LDH-A knockdown grow remarkably slowly when transplanted into mice and the mice consequently live considerably longer compared with mice transplanted with 'normal' or LDH-A complemented tumour cells [27] . Taken together, the compiled data on glycolysis inhibition as a novel means to treat Myc-induced cancer and other cancers make a strong case, but it needs to be strengthened by using spontaneous mouse models of cancer, which we are in the process of doing.
Nucleotide biogenesis
As self-evident as increased energy metabolism, an increase in the pools of deoxynucleotides must accompany the high rate of DNA synthesis and proliferation observed in cancer cells. Many of the biosynthetic enzymes involved in the synthesis of deoxyribonucleotides are regulated by transcription factors induced by growth, such as the Myc and E2f families. We have recently focused on three of the most extensively studied genes with respect to Myc: Shmt1, Shmt2 and Cad (Table 1 and Figure 2 ).
Both the soluble form of Shmt (serine hydroxymethyltransferase), Shmt1, and the mitochondrial form, Shmt2, are direct Myc transcriptional targets [28] . Shmts are involved in nucleotide and amino acid biosynthesis as well as folate metabolism. They were originally identified as Myc targets in an elegant screen for genes that can partially rescue the slow proliferation of HO.15 myc-null Rat1 fibroblasts [28] . They carry E-boxes in their promoters and they are transcriptionally induced in B-cells from Eµ-Myc transgenic mice (Figure 2 ). Given their role in several metabolic pathways relevant to cancer, Shmt enzymes have previously been proposed as suitable targets for anticancer treatment, but no in vivo or clinical data have to our knowledge been generated. It is noteworthy, however, that another enzyme involved in folate and nucleotide biogenesis, the E2F and Myc transcriptional target dihydrofolate reductase [29] , has long been a target for chemotherapy by methotrexate so targeting Shmt1 may also be fruitful.
Another Myc target involved in nucleotide biogenesis is Cad (carbamoyl phosphate synthetase 2/aspartate transcarbamylase/dihydro-orotase), the rate-limiting enzyme of pyrimidine biosynthesis [30] . Cad (as well as Odc) has been used as a prototype gene in determining how Myc selects and transactivates target genes [31] [32] [33] [34] . Although these studies have been informative, they have also shed light on the fact that not all Myc target genes are activated in an identical way (Figure 1) . The biological importance of Cad in Mycinduced cancers has yet to be determined, but the reverse has been analysed. By using HO.15 myc-null cells, it has been shown that Cad was the only gene, out of the few identified at the time, which was completely dependent on Myc for its induction by serum starvation [35] . Given the strong correlation between Myc expression and Cad expression in rat and mouse cells ( Figure 2 and Table 1) , it is therefore somewhat surprising that one publication states that Burkitt's lymphoma cell lines do not overexpress Cad, as determined by an RNase protection assay [36] . We recently repeated this experiment with real-time RT (reverse transcription)-PCR and were able to show that Cad is induced by Myc also in Burkitt's lymphoma cells (S. Rimpi and J.A. Nilsson, unpublished work). We are currently in the process of analysing the role of Cad in Myc-induced lymphomagenesis.
Future perspectives
The strength of using mouse models of cancer is that the importance of a gene can be determined both for the induction of tumorigenesis and for the maintenance of tumours. This gives a clear indication of whether or not a protein should be targeted as a means to prevent or treat cancer. The field of chemoprevention is discussed at length in other minireviews in this issue of Biochemical Society Transactions, but not in the context of lymphomas. Admittedly, it is difficult to know whether or not an individual is at risk of developing lymphomas as opposed to, for example, colon cancer. However, chemoprevention may actually be utilized in leukaemia and lymphoma, since it may moderate the frequency of relapse in response to DNA-damaging drugs. Relapse is often due to the occurrence of additional mutations which result in the reappearance of malignant clones resistant to the initial treatment. When targeting the metabolic enzyme Odc, the secondary 'hit' required for Myc-induced lymphomagenesis was severely hampered. If it is possible to prevent the secondary mutations required for relapse to occur by targeting metabolic enzymes using chemoprevention, an increased use of chemoprevention in the clinic is foreseeable. Another group of individuals at risk of developing lymphoma is HIV/AIDS patients. These patients often develop highgrade B-cell lymphomas such as Burkitt's lymphoma and DLBCL (diffuse large B-cell lymphoma) [37] . Since both of these tumours often carry Myc translocations, they should be sensitive to the chemopreventative effect of drugs such as DFMO or newer drugs targeting metabolic enzymes that are essential for tumour development.
To summarize, we propose that Myc target genes encoding metabolic enzymes can no longer stand in the shadows of cell cycle genes; they need to be analysed. The results of analyses like these are likely to provide the starting point for the development of new drugs that will serve to treat or prevent Myc-induced cancers. 
